Primary ciliary dyskinesia is a rare genetic disease of the motile cilia and is one of a rapidly expanding collection of disorders known as ciliopathies. Patients with primary ciliary dyskinesia have diverse clinical manifestations, including chronic upper and lower respiratory tract disease, left-right laterality defects, and infertility. In recent years, our understanding of the genetics of primary ciliary dyskinesia has rapidly advanced. A growing number of diseaseassociated genes and pathogenic mutations have been identified, which encode axonemal, cytoplasmic, and regulatory proteins involved in the assembly, structure, and function of motile cilia. Our knowledge of cilia genetics and the function of the proteins encoded has led to a greater understanding of the clinical manifestations of motile ciliopathies. These advances have changed our approach toward diagnostic testing for primary ciliary dyskinesia. In this review, we will describe how new insights into genetics have allowed us to define the clinical features of primary ciliary dyskinesia, revolutionize diagnostics, and reveal previously unrecognized genotype-phenotype relationships in primary ciliary dyskinesia. 
The epithelium lining the nasopharynx, middle ear, paranasal sinuses, and larger airways are covered by motile cilia, and the mucociliary escalator is a critical local defense that protects the upper and lower respiratory tracts. Effective airway clearance is dependent on closely coordinated and regulated ciliary function, and any disturbance in the precise, orchestrated movement of cilia can cause disease.
Primary ciliary dyskinesia (PCD), previously known as immotile cilia syndrome, is a rare inherited ciliopathy and the first human disease linked to motile cilia dysfunction. 1 Estimated to occur in approximately one in 20,000 live births, its prevalence in children with chronic respiratory infections has been estimated to be as high as 5%. 2 Our understanding of the genetics, pathophysiology, and clinical manifestations of PCD has rapidly advanced since the disease was linked to ultrastructural defects of the ciliary axoneme four decades ago. 1 In this review, we will summarize new insights into the biologic and genetic bases of PCD, leading to greater understanding of its clinical manifestations, greater understanding of genotype-phenotype relationships, and better diagnostics tools.
Cilia Structure and Function
Motile cilia are complex, specialized hair-like organelles that beat rhythmically, producing a metachronal wave that vectorially moves fluid and mucus from the conducting airways, paranasal sinuses, and eustachian tubes. 3 In addition, motile cilia are abundant on some epithelia outside the respiratory tract, including brain ventricles 4 and Fallopian tubes. 5 Flagella are analogous organelles that have a similar ultrastructure to cilia and propel spermatozoa. 6 A ciliated airway epithelial cell has approximately 200 motile cilia that are anatomically and functionally oriented, moving with intracellular and intercellular synchrony along the length of the airway. 4 The motile cilium extends from the apical surface of the epithelial cell into the extracellular space and is anchored by a basal body, a structure derived from the centrosome. 7 The central fibrillar structure, or axoneme, is covered by a membrane separated by specialized proteins, distinct from the cell membrane. 8 Each cilium contains an array of helical protofilaments consisting of a-and b-tubulin monomers that build A and B microtubules. In normal motile cilia, these structures are organized as nine microtubular doublets arranged in an outer circle around a central pair, creating the characteristic 9 þ 2 configuration observed in cross sections on transmission electron micrographs, an established method to evaluate motile cilia structure 1 (Fig 1) .
The outer doublets of motile cilia have distinct inner and outer arms, consisting of several heavy, intermediate, and light chains, that are attached at repeated 96-and 24-nm intervals, respectively. 9 The axonemal dyneins in the outer dynein arm are multiheaded motor proteins that generate force through adenosine triphosphatase activity, translated into a controlled sliding motion of two neighboring tubules. The inner dynein arm regulates microtubule sliding and ciliary motion through the dynein regulatory complex, which consists of multiple proteins that coordinate activity of multiple dyneins and controls ciliary beat. 10 The dynein regulatory complex is located within the nexin link, an elastic element that tethers adjacent outer doublets and limits microtubular sliding. The radial spokes connect the central apparatus and outer doublets, and also regulate dynein activity, presumably though interactions with the dynein regulatory complex and inner dynein arm.
Intra-and intercellular regulation of ciliary motion is not fully understood, but several signaling mechanisms regulate ciliary beat frequency, such as airway nitric oxide. 11, 12 Normal beat frequency of human motile cilia ranges between 8 and 14 beats/s, but motion can be altered by changes in the epithelial surface environment and various pollutants and infectious insults. 13, 14 Classified by their microtubular structure and functions, there are other forms of cilia. Primary or sensory cilia are solitary, immotile organelles that have 9 þ 0 microtubule configuration (Fig 1) and are present on most cell types during interphase. They are vital signaling organelles that sense the extracellular environment and, depending on the cell type, serve as Figure 1 -Schematic diagrams that show the microtubular structure and ultrastructural elements of normal motile 9 þ 2, nonmotile primary 9 þ 0, and motile nodal 9 þ 0 ciliary axonemes.
mechano-, chemo-, osmo-, photo-, and thermoreceptors. In addition, primary cilia play central roles in growth and repair, regulating many developmental pathways. 15, 16 Genetic defects in primary cilia have been linked to an increasing number of clinically diverse conditions, collectively known as ciliopathies, which lead to neurocognitive impairment, blindness, obesity, diabetes, cardiac defects, and polycystic kidney diseases. 16 Nodal cilia are a third class of cilia that are transiently expressed in the ventral node of the gastrula during embryonic development. These monocilia have a similar 9 þ 0 microtubule arrangement as primary cilia (Fig 1) but contain dyneins that allow them to spin clockwise, generating leftward flow of extracellular fluid across the nodal surface. 17 This flow is detected by perinodal sensory cilia and activates a signaling cascade that establishes left-right sidedness. 18 In the absence of flow, left-right laterality is random, leading to laterality defects, such as situs inversus totalis and heterotaxy. 19 Likewise, nodal dysfunction is associated with congenital heart defects. 20 Genetics of PCD PCD is a genetically heterogeneous disease that does not have an apparent racial or sex predilection. Mutations in any protein involved in cilia assembly, structure, or function could theoretically cause disease, and a rapidly expanding number of genes have been implicated. In most cases, PCD is transmitted by an autosomalrecessive pattern of inheritance; however, X-linked inheritance patterns are known.
21,22
The basic axonemal structure of motile cilia is evolutionarily conserved, and simple organisms, such as the biflagellated alga Chlamydomonas reinhardtii, have been used to understand the structure, function, and genetics of the human cilium. 23, 24 In fact, most genes that have been associated with PCD have algal orthologues. 25 In patients, gene discovery has historically relied on a combination of experimental models and targeted screening of candidate genes encoding proteins in the ciliome. More recently, international collaboratives in Europe and North America have applied whole exome sequencing or massive parallel sequencing, which has led to identification of new genes. 25 Currently 40 genes have been associated with disease, and > 70% of patients tested have biallelic mutations in one of these genes. That number will certainly rise with further gene discovery. Many of the defective genes have been linked to specific ultrastructural elements, including those that encode proteins in the outer dynein arm, inner dynein arm, dynein regulatory complex, radial spokes, and central apparatus (Fig 2) . 25 More recently, diseasecausing mutations have been found in genes coding several cytoplasmic proteins not integral to the cilia axoneme, some of which form complexes essential for preassembly of dynein motor units. 26 Ciliary beat patterns have also been linked to specific genetic and ultrastructural defects. Outer dynein arm defects, with or without inner dynein abnormalities, lead to virtually immotile cilia, whereas central apparatus defects create circular, whirling patterns. 27 However, pathogenic mutations in some genes, such as outer dynein arm protein DNAH11, have only subtle changes in beat frequency and ciliary motion. 28 Clinical Manifestation of PCD Because the genetics is better understood, we now recognize that PCD has four cardinal clinical features that distinguish it from other respiratory conditions of childhood. 29 Most children with PCD present shortly after birth as term newborns with respiratory distress, clinically manifested as tachypnea, persistent hypoxemia, and upper and middle lobe atelectasis on chest radiographs. Neonates are typically diagnosed with pneumonia and require supplemental oxygen or positive pressure ventilator support for several days to weeks. Children with PCD often develop persistent nonseasonal rhinitis and daily, year-round productive (wet) cough that begin in early infancy before 6 months of age. These symptoms may vary in severity but never fully resolve, even after antibiotic therapy. Bronchiectasis is common, often involving the anatomic right middle lobe and lingula. Left-right laterality defects occur in approximately one-half of patients with PCD, usually manifested as situs inversus totalis with transposition of the thoracic and abdominal organs. Some patients have heterotaxy associated with congenital heart disease, asplenia, and polysplenia. 19 Middle ear disease is frequently seen in PCD, with varying degrees of chronic otitis media with effusion often complicated by conductive hearing loss, but this clinical manifestation does not discriminate from children who do not have PCD. 29 Genotype-phenotype differences are emerging. Differences in respiratory disease severity have been linked to specific genes. Biallelic loss-of-function chestjournal.org mutations in CCDC39 and CCDC40 cause ultrastructural abnormalities in the axoneme, characterized by absence of inner dynein arms and disorganized microtubules in some but not all cilia. CCDC39 and CCDC40 are integral to the nexin-dynein regulatory complex and function as molecular rulers, directing the accurate spacing and arrangement of the inner dynein arms and radial spokes. 30 A cross-sectional study showed that children with biallelic CCDC39 or CCDC40 mutations had more severe lung disease than individuals with dynein arm protein mutations. 31 Conversely, patients with mutations in RSPH1 generally have only situs solitus and milder respiratory phenotypes, with later onset of cough and better lung function than other forms of PCD. 32 The explanation for these phenotypical differences is not entirely known.
Motor ciliopathies are likely a spectrum, such that some biallelic pathogenic variants may not cause typical PCD but could result in moderately reduced cilia function and less severe clinical manifestations. 26, 33 Indeed, two reports have suggested that different mutations in the same PCD-associated gene may result in variable disease severity. 26, 33 Ciliary defects may be more common than previously appreciated, and subtle motile ciliary dysfunction could still lead to persistent respiratory diseases or potentially modify other lung diseases in the general population.
In addition to laterality defects, patients with PCD can have other extrarespiratory manifestations. Male and female subfertility are common because of sperm dysmotility and ciliary dysfunction in the Fallopian tubes, respectively. Recent studies have demonstrated a relationship between the affected gene and fertility phenotypes. 34 Although common in murine models, neonatal hydrocephalus is rarely seen in newborns with PCD, likely related to ciliary dysmotility in brain ventricles. 35 Finally, individuals with X-linked blindness related to mutations in RPGR have recurrent respiratory infections, demonstrating functional overlap between motile and primary cilia. 22 In actual fact, motile cilia respond to external stimuli such as bitter taste, indicating that these organelles can sense their environment like primary cilia. 36, 37 Diagnosis of PCD Diagnostic approaches for PCD have evolved during the last decade, sparked by advances in our understanding of genetics and pathogenesis of the disease, and the availability of newer diagnostic tools (Table 1 ). Nevertheless, it is important that clinicians should only consider diagnostic testing in those patients who have a compatible clinical phenotype to reduce the likelihood of false-positive results. These phenotypes include neonatal respiratory distress in full-term infants, defined as supplemental oxygen or positive pressure support for > 48 h without clear explanation, left-right laterality defects, persistent nonseasonal rhinitis that begins early in life, and daily wet or productive cough that develops in infancy. If just two of these distinguishing clinical features are present, the sensitivity and specificity for PCD are 80% and 72%, respectively. 29 Without them, patients are unlikely to have PCD and further testing may not be indicated. A validated diagnostic predictive tool has been created to estimate the probability of a positive diagnosis, based on several predictive parameters (PICADAR), including these features. 38 Transmission electron microscopy to assess for ultrastructural defects in the axoneme has long been considered the diagnostic gold standard, following the original description of dynein arm defects in subjects with PCD. However, the technique has several limitations as a diagnostic tool. The lack of ciliary defects does not exclude the diagnosis because 30% of patients who have PCD will have normal axonemal ultrastructure. 39 For instance, pathogenic variants in DNAH11 are not associated with ultrastructural defects and cilia have normal or more rapid beat frequencies. 28 In addition, individuals with biallelic mutations in MCIDAS and CCNO have structurally normal oligocilia on their airway epithelium because of defects in centriole replication and basal body migration to the apical surface. 40, 41 Because some ciliary abnormalities in PCD are not found in every axoneme, 31 these changes may be attributed to secondary defects. Cilia ultrastructural defects can be acquired, caused by epithelial cell insults, and caused by inflammation related to exposure to environmental pollutants and infections. For instance, ciliary disorientation was considered a form of PCD, but this phenomenon is likely the result of airway injury. 42 Indeed, our understanding of genetic bases of PCD chestjournal.org revealed six general ultrastructural phenotypes (Fig 2) and showed that inner dynein arm defects alone are rarely associated with disease.
Immunofluorescent staining of ciliary protein markers has been proposed as a method to detect ultrastructural abnormalities in PCD and may address some of the limitations of transmission electron microscopy. Although more studies are required, published reports have shown high sensitivity and specificity in detecting abnormal axonemal ultrastructure when combined with clinical criteria. 43 Newer investigative techniques, such as cryoelectron tomography, provide greater resolution and reveal previously imperceptible axonemal defects that cause disease. 44 Nasal nitric oxide measurement has been widely adopted as a screening or diagnostic tool for PCD, based on the reproducible observation that affected individuals have reduced levels. Nitric oxide is thought to play a role in modulating motile cilia beating, and nitric oxide synthases are localized near basal bodies, which may provide clues concerning its intricate relationship with motile cilia. 45 However, the exact mechanism by which cilia dysfunction is related to reduced nasal nitric oxide remains unclear. Nasal nitric oxide measurements are sensitive and specific for the diagnosis of PCD in individuals $ 5 years of age, provided cystic fibrosis is excluded, and are currently recommended as part of diagnostic criteria at North American centers. 46 Younger children with PCD can similarly have lower nasal nitric oxide levels than their normal counterparts, but measurements are not recommended in this population because of the lack of normative data. Reduced nasal nitric oxide levels have been described in patients with chronic rhinosinusitis, 47 which emphasizes the need to thoroughly evaluate patients suspected of PCD and not rely on an individual test for diagnosis.
Because ciliary motion is generally uniform along the airway, functional assays have become part of the diagnostic evaluation of many European centers. Ciliary movement varies widely in PCD, from absent to nearnormal movement. High-speed video microscopy has been used to assess motile ciliary beat frequency and patterns in freshly excised or cultured ciliated epithelia. 48 Ciliary beat frequency and motion can be affected by ambient temperature and handling of the tissue sample, which could lead to erroneous results. 49 Although cilia waveform analysis may become a promising diagnostic tool for PCD, especially as automated methods are validated and become clinically available, 50 the absence of standardization in sample handling and quantitative interpretation of beat patterns currently limits its applicability across centers.
Finally, with the availability of commercial gene panels, PCD genetic testing has grown in popularity and become a viable diagnostic tool. Several molecular diagnostic companies offer comprehensive genetic testing, providing relatively quick and accurate screening of most known disease-associated genes. In patients with clinical criteria suggestive of PCD, genetic testing should be part of a panel of diagnostic tests. 51 Identification of biallelic pathogenic variants in a known PCD-associated gene should be sufficient to make the diagnosis.
Treatment
Mutations associated with PCD result in abnormal protein function and structure of the cilia. To date, no clinically proven therapies have been shown to restore cilia function in PCD. Patients should perform airway clearance techniques regularly to augment mucociliary clearance and be treated with antimicrobials for pulmonary exacerbations, guided by surveillance sputum cultures. 51 Otherwise, there are no data that support routine use of other therapies, including nebulized hypertonic saline, mucolytics, or bronchodilators.
Conclusions PCD is a rare inherited disease of the motile cilia, and its genetics have yielded new insights into its pathophysiology, defined clinical manifestations, and provided better diagnostic tools. Despite these advances, well-tested, effective treatments for PCD are lacking. To date, no therapies have been shown to correct ciliary dysfunction, but hopefully our growing understanding of cilia genes and their products will uncover novel targetable pathways that can restore ciliary structure and function in patients with PCD.
